Abstract-This paper deals with a novel MAC layer protocol, namely Directive Synchronous Transmission Asynchronous Reception (D-STAR) able to space-time synchronize a Wireless Sensor Network (WSN). To this end, D-STAR integrates directional antennas within the communications framework, while taking into account both sleep/active states, according to a cross-layer design. After characterizing the D-STAR protocol in terms of functional characteristics and antenna model, the related performance is presented, in terms of network lifetime gain, latency and collision probability. It has shown a remarkable gain in terms of energy consumption reduction with respect to the basic approach endowed with omnidirectional antennas, without increasing the signaling overhead nor affecting the set up latency.
I. INTRODUCTION
Wireless sensor networks (WSNs) represent a special case of the more general wireless Ad Hoc networks paradigm [1] , they present specific constraints, as for the limited energy, storage, processing and communication capabilities, the low degree of mobility and the presence of a small number of sinks.
Some promising issues to be addressed are the management of both sleep and active states, the introduction of directional antennas and their integration within the communications framework [2] . As these aspects belong to both the Physical (PHY) and Medium Access Control (MAC) layers, they might be joined to reach an overall energy efficiency: it could be feasible by jointly managing the duty cycle δ and the transmitting (receiving) antenna gain G t (G r ). The way to accomplish this goal effectively relies on the so called cross-layer protocol design principle [3] . However, the increased system complexity needs to be addressed and possibly limited as well as the capability of quickly setting up an end-to-end communication path.
This paper aims at filling this gap by proposing a novel MAC layer protocol, namely Directive Synchronous Transmission Asynchronous Reception (D-STAR), that broadens the previously introduced STAR MAC approach [4] towards the management of directive antennas. To this end, the cross-layer principle has been adopted to allow the adaptation of physical parameters (as the antenna main lobe pointing) according to the link-to-link communications channel features. In addition, D-STAR MAC provides a nodes' logical synchronization explicitly taking into account the antenna capabilities.
The paper is organized as follows: in Section II, the characteristics of the proposed D-STAR MAC protocol are described and deal with the proposed approach, giving a deep insight in terms of functional characteristics and finite state machine (FSM). The overall communications protocol performance is presented, in terms of network lifetime gain, collision or occupied channel probabilities and latency in Section III, referring to both an ideal or a real antenna model practically derived. Finally, some conclusions are drawn explaining the future directions of the present research activity.
II. PROPOSED MAC PROTOCOL: DIRECTIVE STAR MAC
The proposed Directive STAR (D-STAR) MAC protocol expands the STAR MAC concept [4] to achieve a timespace synchronization 1 . The network infrastructure is built up by means of joining together bidirectional links: to allow communications inside a WSN, each node sends to its neighbors its own phase φ as it happens in STAR approach, while the angular position is implicitly taken into account at the receiver and transmitter sides 2 . To give an exhaustive description of the D-STAR protocol it is possible to refer to the state diagram given in Fig. 1 . According to it, every node wakes up independently from the other ones, entering an initial idle mode (INIT), in which it remains for a time interval necessary to perform the elementary CPU operations and to be completely 1 It is worth noticing that this approach, like the STAR protocol, is mainly suited for flat networks in which there are no cluster heads distributing a time frame and for densely deployed networks with a number of neighbors per node greater than ten. 2 Since there is not a common angular reference system, each node upon the reception of a packet is able to identify the angular position of the sender with respect to its own system: this information is stored and used to transmit to that node. switched on (T init,j ). Then it switches into the DISCOVERY phase where it tries to recognize its neighbors and to establish a logical synchronization with them. Within this phase, the operation mode of j th node is duty cycled with a periodic succession of listening and sleeping sub-periods, whose durations are T l,j and T s,j , respectively 3 . In the discovery phase, each node begins to broadcast one HELLO message to each angular sector (i.e., the coverage area within a certain side lobe) sending its ID and phase; then it waits for a fixed time duration τ s in search of reply messages 4 and switches to the following angular sector, repeating the procedure until T set-up is expired. In Fig. 1 the transition from the discovery to the regime phase occurs.
Once the discovery phase is expired, each node enters the regime phase. The reference node then sends HELLO messages in a unicast way to the neighbors belonging to different angular sectors, according to the phase φ transmitted in previous HELLO message. In addition to that, several HELLO messages are sent in background with the proper period to unknown neighbors in the empty angular sector. It might be pointed out that the D-STAR protocol is able to prevent the so called deafness problem 5 , under the hypotheses that the transmitted phase values φ are correct, the local clocks do not present a remarkable time drift and the antenna switching is ideally performed.
The channel access is managed by means of the Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) scheme, as specified in [5] . This mechanism 3 The abrupt introduction of this operation mode allows a remarkable power saving as an unnecessary long listening phase is avoided, while more attention might be devoted to also minimize the set-up latency. 4 Once the communication is logically established with this node, the following HELLO messages sent to it in a unicast way are able to also reach the other nodes within the same angular sector. 5 This effect takes place when the transmitter fails to communicate to its intended receiver, because the receiver's antenna is oriented in a different direction.
is very effective in reducing collisions, while the problem of hidden node [1] is still partially unsolved [6] .
Each node remains in the regime phase until there is at least one neighbor, otherwise if there are no active neighbors 6 it re-enters the discovery phase in search of connectivity.
To complete the protocol characterization, whenever a node battery is depleted, this node turns off, entering an OFF phase 7 . This is again represented in Fig. 1 .
III. NUMERICAL RESULTS

A. System Model
To evaluate the performance of the proposed D-STAR protocol, extensive numerical simulations have been conducted over a realistic scenario in compliance with the pilot site developed by EU Integrated Project "GoodFood" [7] . The simulated system has been developed by means of Network Protocol Simulator (NePSing), that is a C++ framework specifically designed for modeling the evolution of a time-discrete, asynchronous network [8] . The most relevant simulation parameters are summarized in Table I .
The adopted antenna models are both an ideal and a real switched beam antennas. According to the ideal model, a group of almost non-overlapping beams has been created that together result in omnidirectional coverage, so that the patterns' main lobes are adjacent. The microcontroller at each node is able to scan the channel according to the D-STAR protocol, switching to the correct beam corresponding with the user wishing to communicate at that time. Only a single beam pattern is employed at any given time. In particular, the antenna has been conceived such that to cover a fixed arc or sector of π/2 radians, thus providing increased gain over a restricted range of azimuths as compared to an omnidirectional antenna. Besides, WSN nodes are supposed to be deployed only in a 2D scenario. On the other hand, the real antenna model is based on an antenna prototype practically developed that is going to be integrated with the proposed D-STAR protocol.
It is a Cube Antenna with only 4 metalized surfaces of 6 operating at 2.4 GHz to be compliant with IEEE 802.15.4 standards and to reduce its size. In this case the antenna are the patterns show in Fig. 2 .
B. Performance Analysis
The adopted D-STAR approach has been basically conceived to minimize the power consumption, thus enhancing the network lifetime 8 . The adoption of a CSMA/CA approach implies that a new channel sensing is randomly scheduled whenever a channel is not detected as idle. However, a residual collision might occur depending upon the node density and the presence of the hidden nodes.
To get an insight on this aspect, in Fig. 3 , the collision probability as a function of the number of network nodes is pointed out by comparing omnidirectional (i.e., the STAR protocol) and directive antennas with four angular sectors. In addition to this, the performance has been evaluated considering both an ideal and real antenna model, respectively, to address practical issues. It could be noticed that the adoption of omnidirectional antennas minimizes the packets collisions, even in the case of densely deployed nodes, while the converse is true for directive antennas mostly due to the presence of hidden nodes, since the coverage area gets smaller in terms of azimuth, and an increasing number of nodes become invisible 9 . Nevertheless, the presence of secondary lobes makes the real antenna capable of limiting this effect, thank to the so called overhearing effect. As a matter of fact, during the channel sensing a node can listen to a greater number of active nodes; hence, it avoids transmitting and, consequently, colliding with hidden nodes.
To conclude this analysis, Fig. 4 points out the busy channel probability. In this case the most conservative scheme, that is the omnidirectional one, highlights the worst behavior for this parameters being compensated by a better collision probability, while the opposite happens for more directional antennas. In particular, the performance of D-STAR scheme endowed with real antenna model is closer to the omnidirectional case for the above mentioned reason.
To give an insight on the overall energy efficiency, in Fig. 5 the relative network lifetime as a function of the number of network nodes has been pointed out for both an ideal and a real antenna models with a π/2 mainlobe, referring in every case to the lifetime achieved by the basic STAR MAC protocol (i.e., with omnidirectional antenna). The remarkable gain provided by the introduction of directive antennas could be primarily noticed: this is mainly due to the greater gain values (G t and G r ) of directive antennas 10 . It is worth pointing out that, while for an ideal antenna model the relative lifetime gain increases at the increase of nodes' density, for a more realistic antenna model it gets lower. This is due again to the overhearing effect; however, for low nodes density 11 the real antenna has better performance because it can effectively counteract the presence of hidden nodes.
Finally, the latency of the D-STAR protocol needs to be addressed. It could be noticed that the proposed protocol is able to minimize the set-up latency, as the discovery phase duration T set-up is upper bounded by twice the maximum frame period value. In addition to this, the packet delivery latency has been investigated in Fig. 6 . According to these results, the omnidirectional scheme (STAR) takes the longer time to deliver a packet, due to the higher probability of finding the channel busy. Again, the ideal directive antenna exhibits the better performance, whilst the real directive one is closer to the basic scheme.
IV. CONCLUSIONS AND WAY FORWARD
D-STAR is proposed, aiming at expanding the capabilities of previously introduced STAR MAC approach [4] toward the management of directive antennas, without increasing the signaling overhead or affecting the set up latency, but by achieving a reduction in energy consumption.
The D-STAR protocol has been characterized in terms of functional characteristics and state transitions diagram. The overall performance is derived, in terms of network lifetime gain, collision or occupied channel probabilities and latency. To this end, both an ideal or a real antenna models have been taken into account, pointing out a remarkable gain with respect to the basic STAR MAC approach endowed with omnidirectional antennas. In addition to that the more realistic scenario highlights a neglegible performance degradation with respect to the ideal model.
Future developments of the present research activity might include the protocol implementation and testing over 10 In particular, it is almost equal to 4 in the case of four angular sectors, in accordance with analytical predictions.
11 For instance, it happens for a number of nodes lower than 23.
realistic user defined scenarios, like the ones proposed in [7] , [9] , or the application to critical emergency operations such as [10] . 
